Cotton leaf curling disease (CLCuD) is the major threat to cotton production and quality in many cotton producing countries including Pakistan. The objective of current work was to identify the potential genotypes which perform well under the disease prevalence through manipulating the within-boll yield traits. 
INTRODUCTION
Cotton is a major fiber and oil seed crop in many tropical areas of the world and a major cash crop of Pakistan (Iqbal et al., 2011) . About 80% of the cotton area in the world is under the two tetraploid species i.e. G. hirsutum and G. barbadense (Imran et al., 2012) . Cotton shares 7% of value added to agriculture and 1.5 % in GDP of Pakistan (Anonymous, 2012-13) . A production of about 13 million bales was obtained from 2.88-million hectares during the year 2012-13 (Anonymous, 2012-13) which was 4.2 % less than produced in 2011-12. Cotton productivity on unit land area basis, in Pakistan, is low as compared to many leading cotton producing countries of the world (Ali et al., 2015) . Not only is the yield, fiber quality is also low in most of the locally developed upland cotton cultivars when compared with rest of the world cotton producers.
Both food security and the general agricultural crops are under the threat of major biotic and abiotic factors (Farooq et al., 2011) . Cotton genotypes are under the severe biotic constraint of cotton leaf curling disease i.e. CLCuD (Akhtar et al., 2005) . CLCuD, a whitefly (Bemisia tabaci Genn) transmitted Gemini virus is well known for causing major disasters to cotton production in Pakistan (Yassin and El-Nour, 1970; Mansoor et al., 1993; Hameed et al., 1994; Akhtar et al., 2002) . The disease is characterized by upward curling of leaves and/or leaf veins are thickened on the underside of leaves. In medium to high intensity of the disease, plants are stunted, producing less and small sized boll with inferior lint quality (Farooq et al., 2011) . In advanced infection stage, one or more cup-shaped outgrowths called "enations" appear on the underside of the leaf.
Occurrence of CLCuD was first observed on cotton plants in Multan district of Punjab province during 1967 (Hussain and Ali, 1975) . Before 1990's, there was consistent persistence of the disease without causing any significant damage. But in 1991, the disease appeared in epidemic form and in the subsequent years causing significant reduction in production from 12.82 million bales during 1991 to 8.04 million bales during 1994. During the last decade this disease has caused a loss of 1.5 billion US dollars to national economy by the loss of 9.35 million bales of cotton (USDA, 2013).
The losses estimates for cotton production by this disease are still alarming in Pakistan after the appearance of new Burewala CLCuD strain, which caused a breakdown of resistance in the cotton varieties (Mahmood et al., 2003; Mansoor et al., 2003) . Due to fruitless attempts for CLCuD resistant varieties, exploitation of plant traits minimizing the yield losses under disease pervasiveness is the best option to overcome the threat (Akhtar et al., 2003) .
Seed cotton yield and fiber quality of cotton basically depends upon cotton boll. Cotton breeders, usually, focus on increasing number of bolls per unit area to increase the yield per unit land area (Coyle and Smith, 1997) . Manipulations of plant variables responsible for seed cotton yield per boll have very little been investigated. These boll related traits synonymously known as withinboll yield components including number of seeds per boll, seed mass per boll, lint mass per boll, lint mass per seed, seed mass per seed etc. play a very basic role in determining the final seed cotton yield and fiber quality. Coyle and Smith (1997) reported that genotypes having positive general combining ability (GCA) effects for fiber quality exhibited negative GCA effects of various withinboll yield traits. Lint yield is largely contributed by boll number per unit area, seed number per boll and lint mass per seed (Worley et al., 1974) . Seeds per boll, boll number per unit area and lint mass per seed are the important factors in enhancing cotton yield (Worley et al., 1974) . Lint production can be increased by increasing the number of productive seeds, producing more lint fibers, hence increasing the surface area for increased lint production (Ali et al., 2015) .
Predominance of non-additive genes for bolls per plant, boll weight and seed cotton yield was reported by Waldia et al. (1980) and Ahuja and Dhayal (2007) , while Kumaresan et al. (1999) documented the predominance of both additive and dominance gene action for seed cotton yield and boll number. For seeds per boll, number of boll per plant, lint per seed, seed cotton yield and lint percentage, higher estimates of specific combining ability (SCA) variances than GCA were found (Imran et al., 2012) . Tang and Xiao (2013) reported the predominance of additive variances for seed mass per seed and lint mass per seed while dominance gene action for seed number per boll and lint mass per boll.
During the last decade, intense work on development of cotton hybrids showed a discrete amount of increase in cotton production and to combat the biotic and abiotic stress factors. But still there is need to enhance efforts to find out genetically diverse lines with improved combining ability to develop hybrid oriented population which possesses wide adaptation, early maturity, high yield potential, tolerance to biotic and abiotic stress factors and, off-course, good fiber characteristics. For continuous genetic improvement of cotton, heterosis breeding is an important tool which can be further enhanced through the selection for combining ability analysis between diverse parents (Braden et al., 2003; Kumar, 2008) . Therefore it is important to get detailed information about desired parental combiners reflecting high heterotic response for the exploitation of valuable hybrid combinations in any breeding program.
The objectives of current study were to evaluate the performance of the selected cotton varieties and their F1 hybrids under CLCuD infested condition for various within-boll yield components and to estimate the range of heterotic potential of the hybrids for within-boll yield attributes under the stressed environment.
MATERIALS AND METHODS
Present research was conducted at experimental area of the Department of Plant Breeding and Genetics, University of Agriculture, Faisalabad, during the year 2012-13. Breeding material was developed by crossing six cultivars of cotton viz: FH-113, MNH-886, MNH-888, IR-4, VH-61 and FH-2015 . These cultivars were grown under controlled condition in a glasshouse during October 2012. Electric and steam heaters were used to maintained the temperature at 28° ± 2° and 60% ± 5 humidity at night while 35° ± 2 and 40% ± 5 at day. Mercury vapor lamps were used to supplement day light during winter. At mature bud stage, all genotypes were crossed in complete 6 × 6 diallel matting design to produce F0 seed.
The harvested F0 seeds from greenhouse were then planted in the field in randomized complete block design (RCBD); with three replications during June 2013, to produce F1 progeny. Ten plants were planted in each row. Plant to plant and row to row distance were maintained at 30 and 75cm, respectively. High humidity due to rains aid in creating environment suitable for rapid growth of the virus. Weather data during the entire growth period of the cotton is shown in Figure 1 . Data were recorded at maturity from five randomly selected plants from each row of three replications. 30 bolls sample was selected from each plot and weighed to measure seed cotton yield. These samples were ginned in laboratory to separate seed and lint fractions while rest of the measurements was done using following formulas: Within-boll yield components were calculated as reported by Tang and Xiao (2013) while CLCuD incidence (%) was determined by using the disease scale described by Akhtar et al. (2005) .
The data of different traits from each replication were averaged and subjected to analysis of variance to determine the significant differences among genotypes for different within-boll yield components under study following Steel et al. (1997) . Characters having significant differences were further analyzed for combining ability effects as described by Griffing Method-I, Model-I (1956) . Heterosis over mid and better parent was determined as suggested by Fehr (1987) .
RESULTS
Analysis of Variances showed highly significant differences among the parents and their crosses for all the studied traits, which indicated the presence of high variability in breeding material for the traits under contemplation (Table 1) . Variances due to SCA were greater than variances due to GCA for all the traits indicating the presence of non-additive gene action except lint mass per boll which showed higher reciprocal effects i.e. presence of maternal effects. Prevalence of non additive factor of genetic control became more prominent by the ratio of σ 2 gca/σ 2 sca which was less than unity. While degree of dominance (σ 2 D/σ 2 A) 1/2 was more than unity which further inveterate the above results along with pointing to the presence of over dominance nature of genes governing all the traits. (**, * and NS represents highly significant (P ≤0.01), significant (P ≤0.05) and non-significant differences respectively) (L% = lint percentage; LM/B = lint mass per boll; SM/B = seed mass per boll; SN/B = seed number per boll; LM/S = lint mass per seed; SM/S = seed mass per seed; SCY = seed cotton yield; CLCuD = cotton leaf curling disease index).
GCA effects relating to within-boll yield components showed that genotype MNH-886 proved to be the best general combiner for lint mass per boll seed mass per seed and CLCuD index; MNH-888 for lint mass per seed, seed cotton yield; VH-61 for seed mass per boll and seed number per boll and IR-4 for lint percentage (Table 2 ). All these parents showed highly significant (P ≤0.01)) and positive GCA effects for all the traits except seed mass per boll which showed significant (P ≤0.05) and positive GCA effects.
Cross combinations which showed the best highly significant and positive SCA effects for various traits were: FH-113 × FH-2015 for lint mass per boll and seed number per boll; MNH-888 × IR-4 for lint percentage and lint mass per seed; MNH-888 × VH-61 for seed cotton yield and CLCuD index. Cross of FH-2015 with IR-4 andVH-61 exhibited significant but negative SCA effects of equal magnitude (-0.22) for seed mass per boll, while rest of the crosses showed non-significant results for the trait. MNH-886 × MNH-888 presented highest significant positive SCA effects for seed mass per seed (Table 3) . Some astonishing results were also revealed by some of the crosses. A parent having high GCA values when crossed with a parent showing poor GCA value yield hybrids with high SCA effects as for example FH-113 was good general combiner for seed number per boll while FH-2015 was poor combiner for the trait yet their combination produced desirable results for increasing number of seeds per boll. MNH-888 was found to be poor combiner for disease tolerance or we can say good combiner for increased disease infestation while VH-61 presented good GCA effects regarding disease tolerance, but they yielded hybrids with reduced disease infestation.
Heterosis and Heterobeltiosis effects
Heterosis and Heterobeltiosis effects were expressed as the increase or decrease, in percentage, over mid parent and better parent, respectively. Significant and positive mid parent heterosis was observed for lint percentage and seed cotton yield only while all the other traits showed non-significant mid parent (MP) heterosis (Table 5 ). The highest (average) MP heterosis was estimated for seed cotton yield (17.63%) while the undesirable heterosis for the disease index (17.02%) was observed. Average mid parent heterosis for lint percentage and lint mass per boll was recorded as 12.14% and 11.37 %, respectively. Most of the crosses had positive and significant MP heterosis for the above mentioned four characters. Hybrid VH-61 × MNH-888, IR-4 × MNH-888 and FH-2015 × FH-113 showed the maximum heterotic increase in seed cotton yield, lint percentage and lint mass per seed, respectively. An undesirable heterosis in the disease infestation was also observed in most of the crosses, however some hybrids also showed significant negative heterosis for the trait.
In terms of heterosis over better parent (BP), lint percentage and CLCuD index showed non-significant and positive BP heterosis while rest of all the traits showed non-significant negative BP heterosis (Table 5) . Despite the absence of significant heterosis, CLCuD index, lint percentage, seed cotton yield and lint mass per seed showed the wider range of variation with respect to BP heterosis than the other traits for the 30 crosses. Most of the hybrids showed positive BP heterosis for CLCuD index, but minority of them showed significant BP heterosis while negative BP heterosis was observed for majority of 30 crosses for all the other traits.
DISCUSSION
Significant differences among the six parental genotypes and their crosses for within-boll yield components verified the existence of genetic unevenness for the concerned traits. Significant mean square values of parents versus hybrids for all the investigated traits indicated the existence of non-additive gene action and high heterotic responses for the traits. The lower value of σ 2 GCA/σ 2 SCA indicated a pre-dominance of nonadditive gene action in the inheritance of traits (Sprague and Tatum, 1942) . Lint mass per boll was controlled by maternal effects due to high reciprocal effects while the rest of the traits exhibited non-additive gene action. Previous studies exposed that variation in seed cotton yield and within-boll yield traits were controlled by genes acting either non-additively (Coyle and Smith, 1997; Inam-Ul-Haq and Azhar, 2004; Neelima et al., 2004; Iqbal et al., 2005; Rahman et al., 2005, Ahuja and Dhayal, 2007; Basal et al., 2009; Imran et al., 2012; Tang and Xiao, 2013) or additively (Green and Culp, 1990; Liu and Han, 1998; Ahmad et al., 2001) . Present results confirmed non-additive genetic control for all the studied traits. Contradictory results could result from the cultivars having different genetic backgrounds or environmental conditions during growth.
Higher values of σ 2 D over σ 2 A suggested the preponderance of dominant genetic effects for all traits except lint mass per boll which strongly suggested later generation selection or heterosis breeding for improvement in these traits while for the exceptional trait, repeated selection should be made from earlier generations for genetic gain in the character (Basal et al, 2009; Tang and Xiao, 2013) .
General combining ability effects are equivalent to additive effects, which are important genetic information to find out the desirable general combiner for improving traits of interest (Wu et al., 2010) . The parental genotypes like MNH-888 for lint mass per seed and seed cotton yield; MNH-886 for lint mass per boll, seed mass per seed and CLCuD index; while VH-61 for seed mass per boll and seed number per boll could be put forth to produce desirable combinations regarding better GCA effects for improvement in the respective traits.
Specific combining ability is the performance of any two parental genotypes in a particular combination for a particular trait. It is generally expected that parental genotypes having good general combining ability perform well when they come together in a cross combination and produce best performing hybrids as reported by (Irfanullah et al., 1994; Haq and Azhar, 2005) . From the results of current study it can be drawn that the hybrids MNH-888 × IR-4, FH-113 × FH-2015 and MNH-888 with VH-61 can be used in future breeding programs aimed at improvement in lint percentage and lint mass per seed, lint mass per boll and seed number per boll, seed cotton yield and CLCuD resistance, respectively.
Sometime among the parental genotypes in a cross combination one parent has poor general combining ability while second one contains good general combining ability were producing the best specific combining ability hybrid (Shakeel et al. 2001; Basal and Turgut 2003; Mondal and Hossain, 2006) . The results indicated that a higher GCA does not necessarily confer a higher SCA and that the GCA and SCA were independent of one another as reported by Khan et al. (2007) and Khan et al. (2009) . Similar case was found in recent study that FH-113 had poor general combining ability all the traits but its crosses like FH-113 × FH-2015 showed the best specific combining ability for lint mass per boll while IR-4 × MNH-888 showed best reciprocal effects for seed cotton yield. Similar results were also observed by Baloch and Chang (1970) ; Azhar and Rana (1993) .
Among reciprocal hybrids, combination of MNH-886 and FH-113 showed best reciprocal effects for seed mass per boll and lint mass per seed while MNH-888 × MNH-886 gave the highest reciprocal effects lint mass per boll and seed cotton yield. FH-2015 × MNH-886 showed best reciprocal effects for CLCuD index. These results will be helpful while selecting these genotypes as male or female parents in hybridization program for the mentioned traits.
Theoretically if the heterozygous dominant cross showed greater results than mean of homozygous parents then positive mid-parent heterosis would expected otherwise negative mid-parent heterosis would expected (Wu et al., 2010) . In current study, only seed cotton yield and Lint percentage showed the average highest, positive and significant mid-parent heterosis i.e. 17.63% and 12.14%, respectively while rest of all the traits showed non-significant results. However, none of the trait showed significant better parent heterosis. The majority of the crosses produced higher mid parent and better parent values for investigated traits.
Generally, crosses with higher heterosis values have either a positive SCA or high mean performance. But in some cases it can be concluded that the parents possessing only high values need not necessarily produce high yielding hybrids as indicated by the present study for the traits like seed mass per boll and CLCuD index (Kumar, 2008) . Hybrid VH-61 × MNH-888 showed maximum heterosis over mid parent for seed cotton yield and IR-4 × MNH-888 for lint percentage and lint mass per seed (data not shown). Meredith and Brown (1998) found 1.4% average mid parent heterosis for lint percentage in F2 progeny. Same results were also found in the previous findings of Basal et al. (2009) ; Tang and Xiao (2013) . The utilization of heterosis for certain characters in some of these crosses is possible for commercial exploitation.
Although, results of present study are in accordance with most of previous researchers but also incompatible with many others. These differences in phenotypic expression from other scientists may be due to different type of genetic materials tested under different climatic and soil conditions. Thus based upon this information, the present material may be used advantageously for exploiting heterosis in the characters through the development of hybrid seed.
CONCLUSION
In present genetic investigation, analysis of variance showed that all the genotypes differed significantly from each other for all traits. All the traits were significantly governed by non-additive type of gene action which restricts for selection in early generations and suggesting the adoption of heterosis breeding. Among parents MNH-888, MNH886, IR-4, VH-61 and showed the significant GCA results for most of the within-boll yield traits while among crosses, MNH-888 × VH-61, IR-4 × FH-2015 and MNH-888 × IR-4 were proved as the promising hybrids. Two hybrids FH-2015 × IR-4 and IR-4 × MNH-888 showed the highest mid parent heterosis and better parent heterosis for most of the within-boll yield components, respectively. The combination of these two parents and their cross with other parents can be used to exploit the within-boll yield parameters of cotton under CLCuD pervasiveness.
